We report a joint theoretical-experimental investigation on elastic electron scattering by dimethyl disulfide (DMDS) in the low-and intermediate-energy regions. Experimental angular distributions of the elastically scattered electrons were measured in the 10-800 eV and 5 • -130 • range using a crossed electron beam-molecular beam geometry. The absolute values of the differential cross sections (DCS) were obtained using the relative-flow technique. Also, integral (ICS) and momentumtransfer (MTCS) cross sections were derived from the experimental DCS via a numerical integration procedure. Theoretically, DCS, ICS, MTCS, grand-total (TCS) and total absorption (TACS) cross sections are reported in the 1-500 eV range. In our calculations, a complex optical potential was used to represent the collision dynamics and a single-center expansion method combined with the Padé approximation was used to solve the scattering equations. Our experimental data are in good agreement with the present calculated data. Comparisons with other theoretical results are also made.
I. INTRODUCTION
Among numerous small sulfur-containing compounds, dimethyl disulfide (DMDS) is particularly interesting due to the presence of a S-S (disulfide) bond. This bond is similar to the S-S bridges present in several proteins which are fundamental for stabilizing the secondary structures [1, 2] of such macromolecules. Therefore, DMDS is an important prototype system for biophysics and biochemistry and has attracted attention in the scientific community during the past years.
Since the disulfide bridge cleavage in proteins can be induced by the reaction with electrons, studies involving electron interaction with DMDS are certainly very relevant and have been a subject of many recent investigations. For instance, electron-transmission (ET) spectrum of DMDS was reported by Dezarnaud-Dandine et al. [3] . A shape resonance of σ S−S nature was observed in that study. More recently, dissociative-attachment spectrum of DMDS was reported by Matias et al. [4] . Resonancelike features located at about 1 eV were also seen in their anion efficiency curves of the SCH Shape resonances of σ S−S and σ S−C natures were revealed in their ICS calculated using different approaches for the interaction potentials. More recently, Kaur et al. [6] reported ICS, TCS, and total ionization cross sections (TICS) for electron scattering by DMDS in the incident energy range from few eV to 5 keV. A multi-scattering center spherical complex optical potential (MSCOP) formalism was employed in their calculations. Nevertheless, we observed that there is a lack of any kind of experimental cross sections as well as theoretical DCS for electron scattering by this target.
Recently, our group reported a joint experimental-theoretical investigation on electron scattering by dimethyl sulfide (DMS) [7] . In that study, experimental DCS, ICS and MTCS were measured in the 30-800 eV energy range whereas theoretical DCS, ICS, MTCS, TCS, and TACS were calculated in the 1-500 eV range. The calculations were carried out using a combination of the molecular complex optical potential (MCOP) model with the Padé approximation. In the overlapped energy range, a good agreement between our measured and theoretical data was verified. Moreover, the calculated ICS and MTCS for DMS showed a broad peak centered at about 6 eV which is a superposition of several shape resonances of σ S−C nature.
In this work, we extend such joint investigation to electron interaction with DMDS.
Basically, the same experimental and theoretical techniques used for DMS [7] are employed in the present study, except the measurement of the DCS of DMDS was extended at energies down to 10 eV.
The organization of this work is as follows: In Sec. II, we present briefly the experimental procedure. In Sec. III, the used theory and details of the calculations are presented. In Sec.
IV, we present our calculated and measured data. Comparisons with the existing theoretical data [5, 6] in the overlapping energies are also shown. Finally, some conclusion remarks are presented.
II. EXPERIMENTAL
The experimental setup used in the present measurements is the same as described in our previous works [7] [8] [9] [10] . The elastically scattered electrons by DMDS were measured using a crossed electron beam-molecular beam geometry and were energy-filtered by a retarding-field analyzer with a resolution of about 1.5 eV. This analyzer is able to discriminate the electronic excitation inelastic electrons, but not those from vibrational excitations. Therefore, our reported results are indeed vibrationally-summed cross sections.
The liquid phase DMDS was purchased from Sigma-Aldrich with a purity better than 99%. Gaseous DMDS was obtained from the saturated vapor above a liquid sample in a small vial attached to the gas handling system. Details of our sample handling system were also described previously [11] . Several cycles of freeze-pump-thaw degassing were performed in order to eliminate the atmospheric air and other volatile contaminants. The purity of the gaseous DMDS was checked during the measurements using a quadrupole mass analyzer attached to the experimental chamber.
The angular distributions of scattered electrons were converted to absolute DCS using the relative-flow technique (RFT) [12] . Argon and nitrogen were used as secondary standards.
Therefore,
where x refers to the target under study, std is the secondary stardard, I is the scattered intensity, n is the relative flow rate and M is the molecular weight. In general, for backing pressures (P) up to around 3-4 Torr, the flow rate can be written as n = k 1 P + k 2 P 2 [11] .
However, due to the very low volatility of DMDS, the normalization procedure in this work was performed in a low pressure regime (P < 0.3 Torr). Thus, the second order contributions were neglected and the application of the RFT reduces to:
Also, the pressures of DMDS and the secondary standard were chosen to ensure the condition of equal mean-free-path [12] , that is:
where δ is the atomic or molecular diameter. In this work, δ Ar = 2.94Å [13] , δ N 2 = 3.14 A [13] , and δ DM DS = 4.41Å were used. The latter was calculated from the Van der Waals gas model using the critical constants reported in the literature [14] .
At energies up to 30 eV, the experimental DCS of N 2 reported by Shyn and Carignan [15] were used to normalize our data. At higher energies, Ar was used as secondary standard. Specifically, the absolute DCS of Dubois and Rudd [16] at 50 and 800 eV and the DCS reported by Jansen [17] in the 100-500 eV range were used. The estimated overall uncertainties in the present DCS are 16.5% at 800 eV and at 30 eV and below, 21% at 50 eV, and 11% at other energies.
The experimental ICS and MTCS in the 20-800 eV were obtained by a numerical integration over the DCS. For that, DCS at angular regions not covered in the experiments were estimated by extrapolation following the trend of the MCOP calculations. At 150 eV and above and at angles larger than 130
• , the extrapolated DCS were obtained following the trend of the IAM. The overall uncertainties were estimated to be 30% at 20, 30 and 50 eV, and 25% at other energies. This procedure was not applied to obtain the ICS and MTCS at 10 eV because the DCS at this energy were measured from 25
• and therefore an accurate extrapolation towards small angles would be difficult.
III. THEORY AND NUMERICAL PROCEDURE
The theory used here is essentially the same as in some of our previous works [7, 9, 10, 18] . Briefly, the dynamics of electron-target interaction is represented by a complex optical potential (U opt ) composed of static (U st ), exchange (U ex ), correlation-polarization (U cp ), and absorption (U ab ) contributions. Therefore, the many-body nature of the electronmolecule interaction was reduced to an one-particle scattering problem. In the present work, U st and U ex were derived exactly from a near-Hartree-Fock self-consistent-field (HF-SCF) target wave function, whereas U cp was obtained in the framework of the free-electron-gas model, derived from a parameter-free local density [19] . The absorption potential U ab is the scaled quasi-free scattering model (SQFSM) absorption potential of Lee et al. [20] which is an improvement of the version 3 of the model absorption potential originally proposed by Staszewska et al. [21] . Further, the scattering equation is solved iteratively using the [N/N ] Padé approximation [22] according to the technique described in our previous works [7, 9, 10, 18] .
The HF-SCF wave function of DMDS was obtained using the triple-zeta valence (TZV3d) basis set of the GAMESS package [23] . The point group C 2 was used in our calculations.
At the experimental ground-state molecular geometry [24] , this basis provided a total energy of -874.3336 hartrees. The calculated electric dipole moment was 2.20 D, about 20% overestimated with respect to the experimental value of 1.85 D [13] . Moreover, the asymptotic form of U cp was generated using the dipole polarizabilities α xx = 57.76 a.u., α yy = 83.39 a.u., and α zz = 60.55 a.u., taken from the literature [24]. They were calculated at the HF-SCF level using the aug-cc-pTZV basis set. In our calculation, the wave functions and interaction potentials, as well as the related matrices, were all single-center expanded about the center-of-mass of the molecule in terms of the symmetry-adapted functions [25] . The truncation parameters used in these expansions were l c = 30 for the angular momenta and h c = 30 for their projections for all bound orbitals and the interaction potentials. These cut-off parameters were also used for the continuum orbitals and T -matrix elements at 200 eV and above. At lower energies, l c = 20 and h c = 20 were used. The calculated cross sections were converged up to 10 iterations. Also, due to the polar nature of the DMDS, a Born-closure formula was used in order to recover the effects of high partial-wave contributions to the scattering amplitudes. The procedure was the same as used in some of our previous studies [26] [27] [28] .
For the sake of completeness, we also performed calculations of DCS, ICS, MTCS for elastic e − -DMDS scattering in the IAM framework. Using the IAM, the DCS is written as:
where f i (θ, k) is the complex scattering amplitude due to the i-th atom in a molecule, r ij is the internuclear distance between atoms i and j, and s = 2ksin 
The static atomic potentials were given by Salvat et al. [29] and a model potential proposed by Furness and McCarthy [30] was used to account for the exchange contributions.
The model polarization potential of Padial and Norcross [19] and the SQFSM absorption potential of Lee et al. [20] were also accounted for. The atomic polarizabilities, as well as the internuclear distances used in the calculations were taken from the literature [13, 24] .
IV. RESULTS AND DISCUSSION
Our experimental DCS, ICS, and MTCS for elastic electron scattering by DMDS are listed in Table 1 . A comparison of these experimental DCS with our theoretical results, calculated at both the MCOP and the IAM levels of approximation, are shown in Figs. 1-4. There is a general good agreement between our experimental DCS and the theoretical data calculated using the MCOP and Padé approximation. Particularly, the oscillations seen in the experimental DCS are well reproduced by our theory. On the other hand, the MCOP calculations underestimate the DCS at 500 eV for scattering angles larger than 110
• .
This behavior was already observed for other targets [7, 9] and was attributed to the poor convergence in the single-center expansions of the nuclear part of the interaction potential for atoms a few angstrons away from the origin. The effect of such lack of convergence manifests more significantly for high-energy electrons due to their deeper penetration power into the target. On the other hand, the DCS calculated using the IAM generally overestimate the experimental data, mainly for incident energies up to 200 eV. However, the agreement between the IAM and the experimental data improves with increasing energies. In particular at 500 eV and large scattering angles, the IAM DCS are even in better agreement with the measured data than those calculated using the MCOP. This is due to the multicenter nature of the interaction potential used in the IAM calculations [31] .
At Moreover, there are two bumps located at about 3 and 6 eV, respectively, in both our MCOP ICS and MTCS. In our previous study for DMS [7] , a broad enhancement located at about 6 eV was also observed, and was identified as a composition of several shape resonances of σ S−C nature. However, no evidence of resonance was observed at around 3 eV in that study. Thus, the bump at about 3 eV in our MCOP calculation is attributed to the occurrence of a shape resonance of σ S−S nature in the A 1 scattering channel. In fact, such resonances were also seen in the ET spectrum of Dezarnaud-Dandine et al. with maxima located at about 1.5 eV (σ S−S ) and 3.5 eV (σ S−C ) and in the SMC-SEP2 calculations of Santos et al. located at about 0.9 eV (σ S−S ) and 3.2 eV (σ S−C ). The shifts of our calculated resonance positions to higher energies may be due to the different approach used to represent the polarization effects.
In Figs. 6(a) and 6(b) , we present our MCOP TCS and TACS, respectively, for electron scattering by DMDS in the 1-500 eV energy range. Present IAM-AR TCS and theoretical TICS, calculated using the Binary-Encounter-Bethe (BEB) approximation [33] , as well as the calculated MSCOP TCS and TICS of Kaur at al. are also shown for comparison.
Unfortunately, there are no experimental data of TCS and TICS for this target in the literature. As seen in Fig. 6(a) , IAM-AR calculations overestimate the MCOP TCS at energies below 100 eV. In contrast, the calculated TCS of Kaur at al. systematically underestimate the MCOP TCS. Such behaviors are similar to those shown for ICS in Fig. 5(a) . Also, in 
